Introduction
============

Carbonic anhydrase IX (CA IX) as a cell surface antigen protein has been extensively studied in relation to its expression in different tumor types, its correlation with tumor-related hypoxia and prognostic factors, and its potential application as a therapeutic target. The biological properties of CA IX have made it a favorable target for cancer therapy. As a transmembrane protein, CA IX is easily accessible by antibodies or small molecule inhibitors. The N-terminal region of CA IX containing the catalytic domain is exposed to the extracellular side, contributing to its role in tumor-associated pericellular acidification by the conversion of carbonic dioxide to bicarbonate and proton.[@b1-dddt-8-993] CA IX is expressed ectopically in various commonly occurring carcinomas, including those of the kidney,[@b2-dddt-8-993] colon,[@b3-dddt-8-993] breast,[@b4-dddt-8-993] and lung,[@b5-dddt-8-993] and it is often correlated with poor prognosis in cancer patients.[@b6-dddt-8-993]--[@b10-dddt-8-993] In particular, CA IX as a marker of tumor hypoxia was previously observed in 80% of non-small-cell lung carcinomas (NSCLC).[@b5-dddt-8-993],[@b11-dddt-8-993],[@b12-dddt-8-993] In contrast, in normal tissue, moderate to high expression of CA IX is restricted to the basolateral surface of gastric, intestinal, and gallbladder epithelia;[@b13-dddt-8-993] diffuse and weak expression of CA IX is observed only in the epithelia of pancreatic ducts and male reproductive organs.[@b14-dddt-8-993],[@b15-dddt-8-993] In view of these findings, CA IX-mediated targeted therapy represents a promising strategy for cancer treatment.

In fact, immunotherapy using CA IX-specific monoclonal antibodies can be exploited through different mechanisms. Direct binding of antibodies to CA IX can elicit an antitumor response due to antibody-dependent cell-mediated cytotoxicity.[@b16-dddt-8-993] Such a tool has been examined in Phase I and II trials, which showed that use of this antibody as an adjuvant therapy could increase patient survival for metastatic renal cell carcinoma.[@b17-dddt-8-993] Alternatively, antibodies targeting the catalytic domain of CA IX can disrupt its tumorigenic functions, compromising the survival of hypoxic tumor cells.[@b18-dddt-8-993] Furthermore, the ability of antibodies to undergo receptor-mediated internalization allows the delivery of cytotoxic drugs to cancer cells. This targeting potential can be utilized to increase drug accumulation in the tumor while reducing unwanted nonspecific toxicity in normal tissue.

One of the most commonly used drug carriers for targeted cancer therapy is liposomes, which offer significant advantages such as good biocompatibility, low toxicity, and low immunogenicity.[@b19-dddt-8-993] Particularly, the generation of immunoliposomes by coupling antibodies to the liposomal surface has opened up a new venue for the concept of cancer cell targeting.[@b20-dddt-8-993] Shinkai et al previously developed CA IX-directed immunoliposomes for targeted delivery of submicron magnetic particles to renal cell carcinoma tissue as a form of magnetic field-induced hyperthermia therapy and demonstrated their feasibility in the suppression of tumor tissue and extension of survival time in animal models.[@b21-dddt-8-993] Since then, however, there have been no publications documenting the use of CA IX for immunoliposome-based therapy in other types of cancer.

In the present study, we hypothesized that CA IX-directed immunoliposomes could facilitate drug uptake in human NSCLC cells. For in vitro experiments, human NSCLC cells can be treated with hypoxia to induce the expression of CA IX.[@b22-dddt-8-993] Docetaxel (DTX) is a conventional anticancer drug used for the treatment of NSCLC. The CA IX-directed immunoliposomes encapsulating DTX were developed using the ethanol injection method[@b23-dddt-8-993] combined with the postinsertion technique.[@b24-dddt-8-993] The immunoliposomes were characterized with respect to their particle size and drug encapsulation efficiency. Fluorescence-based flow cytometry assay was carried out to compare the cell binding affinity of the immunoliposomes with that of the nontargeted liposomes in NSCLC cells with and without the expression of CA IX. The drug uptake mediated by immunoliposomes against CA IX in NSCLC cells was evaluated using the cytotoxicity assay.

Materials and methods
=====================

Materials
---------

Soybean phosphatidylcholine (SPC) was purchased from Taiwei Pharmaceutical Co, Ltd (Shanghai, People's Republic of China). N-\[(3-maleimide-1-oxopropyl)aminopropyl polyethyleneglycol-carbamyl\] distearoylphosphatidyl-ethanolamine (DSPE-PEG-MAL) was purchased from NOF America Corporation (White Plains, NY, USA). DTX was supplied by LC Laboratories (Woburn, MA, USA). The rabbit monoclonal anti-CA IX antibody targeting the N-terminal region of the antigen protein that is exposed to the extracellular side was obtained from Abcam (Cambridge, UK). The goat antirabbit horseradish peroxidase (HRP)-conjugated secondary antibody was obtained from Bio-rad Laboratories (Hercules, CA, USA). Dithiotreitol (DTT) was purchased from Sigma-Aldrich (St Louis, MO, USA). The lipophilic near-infrared fluorescent dye 1,1′-dioctadecyltetramethyl indotricarbocyanine iodide (DiR) used for labeling liposomes was supplied by Caliper LifeSciences (Hopkinton, MA, USA). Acetonitrile of HPLC grade and ethyl acetate were obtained from Anaqua Chemicals Supply (Houston, TX, USA). Dimethyl sulfoxide (DMSO) was purchased from Sigma-Aldrich. Ultrapure water was generated by a Millipore water purification system (EMD Millipore, Billerica, MA, USA).

Preparation of liposomes
------------------------

DTX-encapsulated liposomes were prepared by the ethanol injection method.[@b23-dddt-8-993] Briefly, 200 mg of SPC and 16 mg of DTX (at a lipid-to-drug weight ratio of 12.5:1) were dissolved in 0.5 mL of ethanol. The mixture was rapidly injected into a 10 mL magnetically stirred phosphate buffered saline solution (PBS, pH 7.1) using a syringe needle. Liposome suspension was easily identified by the appearance of the characteristic opalescence of a colloidal dispersion. After stirring for an hour, the liposome suspension was passed through a 0.2 μm pore size filter once and then 0.1 μm pore size filters (Whatman, Maidstone, Kent, UK) five times sequentially under nitrogen gas using an extruder (Northern Lipids Inc., Burnaby, BC, Canada) to generate unilamellar vesicles of low polydispersity. Unentrapped DTX was removed from the liposome suspension by Sephadex G-25 gel filtration chromatography (PD-10 Desalting Column; GE Healthcare, Little Chalfont, Buckinghamshire, UK). DiR-labeled liposomes were prepared as above, with the fluorescent dye being dissolved in PBS at a concentration of 0.4 mg/mL.

Incorporation of antibody-conjugated micelles into preformed liposomes
----------------------------------------------------------------------

Immunoliposomes were generated using the postinsertion technique.[@b24-dddt-8-993] To form DSPE-PEG-MAL micelles, a dried lipid film containing DSPE-PEG-MAL was hydrated in PBS (pH 6.6, 0.01 M EDTA) at a concentration of 6 mM (above the critical micellar concentration) with heating at 65°C for half an hour. Conjugation of the anti-CA IX antibody to DSPE-PEG-MAL in the preformed micelles was carried out using the sulfhydryl reactive chemistry.[@b25-dddt-8-993] The antibody was cleaved at the hinge region by reacting with the reducing agent DTT (80 mM) at room temperature for 2 hours. Unreacted DTT was then removed from reduced antibody by ethyl acetate extraction. Briefly, one volume of reduced antibody was mixed with four volumes of ethyl acetate, followed by centrifugation at 9,279 g for 2 minutes to achieve phase separation and removal of the organic phase. This extraction was repeated four more times to ensure the complete removal of unreacted DTT. The reduced antibody was then conjugated to DSPE-PEG-MAL micelles at a molar ratio of 1:100 by incubation at room temperature with gentle agitation for 24 hours. To prepare CA IX-directed immunoliposomes (targeted liposomes), antibody-conjugated micelles were incubated with preformed liposomes at a SPC:DSPE-PEG-MAL molar ratio of 31:1 at 60°C for 2 hours. In parallel, nontargeted liposomes were obtained by incubating unmodified micelles with preformed liposomes at the same molar ratio under the same conditions. Free antibody or micelles were then removed by gel filtration on a Sepharose CL-4B column (Sepharose CL-4B, Sigma-Aldrich; Empty PD-10 Column, GE Healthcare). The collected fractions were analyzed for DTX by ultra-performance liquid chromatography (UPLC) and for antibody by Western blot analysis as described below.

The antibody-liposome coupling efficiency was evaluated using Western blot analysis. The immunoliposome samples with and without Sepharose CL-4B gel filtration were loaded into 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels under reducing conditions and then electrotransferred to polyvinylidene difluoride (PVDF) membranes (Amersham Biosciences, GE Healthcare). The blots were blocked with 5% nonfat dry milk for 30 minutes, followed by 1 hour room temperature incubation with the goat antirabbit HRP-conjugated secondary antibody. SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific, Waltham, MA, USA) was used for HRP-based detection of the anti-CA IX antibody that had been coupled to liposomes. The coupling efficiency was assessed by comparing the eluted immunoliposome sample against the unfiltered immunoliposome sample at the same DTX amount and using serial dilutions of the unfiltered immunoliposome sample as antibody standards.

Characterization of liposomes
-----------------------------

Targeted and nontargeted DTX-loaded liposomes were assessed for particle size distribution using the Delsa Nano HC Particle Analyzer (Beckman Coulter, Brea, CA, USA). Drug encapsulation efficiency (EE) was determined by the Sephadex G-25 gel filtration method (PD-10 Desalting Column, GE Healthcare) based upon the following formula: $$\begin{array}{l}
{\text{EE}(\%) = (\text{amount~of~entrapped~drug})/(\text{amount~of~total~drug~used}) \times 100} \\
{\mspace{59mu} = \text{C}_{\text{e}}\text{V}_{\text{e}}/\text{C}_{\text{t}}\text{V}_{\text{t}} \times 100} \\
\end{array}$$

where C~e~ and V~e~ represent the DTX concentration and volume of the eluted liposome suspension after gel filtration, respectively, and C~t~ and V~t~ represent the DTX concentration and volume of the original liposome suspension before extrusion, respectively. For DTX quantification, the liposome samples were diluted tenfold with acetonitrile to release entrapped DTX, followed by UPLC (ACQUITY UPLC System, Waters, Milford, MA, USA) using the ACQUITY UPLC BEH Shield RP18 column (1.7 μm, 2.1 mm × 100 mm, Waters) with UV detection at 227 nm. The injection volume was 2 μL, and the mobile phase consisted of water and acetonitrile containing 0.1% formic acid in a ratio of 50:50 (v:v \[volume:volume\]) at a flow rate of 0.5 mL/minute.

Detection of CA IX expression in cell cultures
----------------------------------------------

The human NSCLC cell line A549 was kindly provided by the Department of Anatomical and Cellular Pathology, The Chinese University of Hong Kong. The cells were grown in DMEM with GlutaMAX supplemented with 10% fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin (Invitrogen, Life Technologies, Carlsbad, CA, USA). Since A549 cells normally do not express CA IX under normoxic conditions (humidified air with 5% CO~2~), cell cultures were incubated under hypoxic conditions for induction of CA IX using a Modular Incubator Chamber (MIC-101; Billups-Rothenberg Inc., Del Mar, CA, USA) purged with 1% O~2~, 5% CO~2~, and balance N~2~. Parallel exposures to normoxia and hypoxia were performed at 37°C for 20 hours, followed by CA IX detection using Western blot analysis. Cells were lysed with RIPA buffer (Thermo Fisher Scientific) and protein concentrations were determined by the bicinchoninic acid method (Pierce BCA Protein Assay Kit; Thermo Fisher Scientific). The protein samples (50 μg each) were separated on 10% SDS-PAGE gels under reducing conditions and then electrotransferred to PVDF membranes. After blocking in a solution of 5% nonfat dry milk, the blots were incubated with the rabbit monoclonal anti-CA IX antibody at 4°C overnight. After washing, the blots were incubated with the goat antirabbit HRP-conjugated secondary antibody at room temperature for 1 hour. Chemiluminescence detection was performed using the SuperSignal West Pico Chemiluminescent Substrate.

Cell binding assay
------------------

Comparison of the binding affinities of targeted and nontargeted DTX liposomes to CA IX-positive and CA IX-negative A549 cells was performed using the fluorescence-based flow cytometry method. A549 cells were seeded at a density of 2.5×10^5^ cells per well in six-well culture plates and allowed to grow overnight. CA IX-positive and CA IX-negative cells were generated by parallel treatments with hypoxia and normoxia, respectively, as described above. As CA IX antigen has been found to exist in both cell-associated and cell-free forms,[@b26-dddt-8-993] the cells were then washed with PBS to remove the cell-free form that could otherwise interfere with cell binding. Exposure to DiR-labeled liposomes (5 μM), targeted or nontargeted, was then performed in triplicate at 4°C for 2 hours. Cells treated with PBS only were included as negative controls. After removal of the unbound liposomes using PBS, the cells were harvested for flow cytometry analysis (BD FACSCanto Flow Cytometer; BD Biosciences, San Jose, CA, USA). Fluorescent signals were acquired by collecting 10,000 events per sample.

Cytotoxicity study
------------------

The cytotoxic effects of targeted liposomal DTX, nontargeted liposomal DTX, and free DTX on CA IX-positive and CA IX-negative A549 cells were determined using the colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Invitrogen) assay. A549 cells were seeded at a density of 4×10^3^ cells per well in 96-well culture plates and allowed to grow overnight. Parallel incubations in hypoxia and normoxia were then performed to obtain CA IX-positive and CA IX-negative cells, respectively. The cells were washed with PBS to remove cell-free CA IX, followed by 2 hours incubation with targeted DTX liposomes, nontargeted DTX liposomes, or free DTX solution at different concentrations in triplicate cultures at 4°C. Cells exposed to PBS only were included as untreated controls. After removal of the unbound liposomes or free DTX, the cells were incubated with fresh medium at 37°C for an additional 46 hours. To determine cell viability, 20 μL of MTT solution (5 mg/mL in PBS) was added to each well. Purple formazan was generated after incubation at 37°C for 4 hours and was dissolved in 100 μL of DMSO, followed by absorbance measurement at 570 nm using the Benchmark Plus Microplate Reader (Bio-rad Laboratories). Cell viability was expressed as a percentage relative to the absorbance value from untreated cells.

Data analyses
-------------

Data were expressed as mean ± standard deviation. All statistical analyses were performed with Sigmastat software (Version 3.5, Systat Software, San Jose, CA, USA). The differences among three groups were evaluated using one-way analysis of variance followed by the Student--Newman--Keuls test for post hoc comparisons. A *P*-value below 0.05 indicated that the differences were statistically significant.

Results
=======

Coupling of anti-CA IX antibody to liposomes
--------------------------------------------

CA IX-directed immunoliposomes were prepared by incorporation of antibody-conjugated micelles into DTX-loaded liposomes. Unincorporated micelles or free antibody were removed from the immunoliposomes by Sepharose CL-4B gel filtration chromatography. A total of 15 fractions (1 mL per fraction) were eluted from the gel column and were evaluated by UPLC and SDS-PAGE analyses. The immunoliposomes were eluted in Fraction 4--6 and were identified by the turbid appearance of liposome suspension and the presence of encapsulated DTX detected by UPLC ([Figure 1A](#f1-dddt-8-993){ref-type="fig"}). Free antibody was detected in Fraction 7--11 using SDS-PAGE, whereas lipid-conjugated antibody was detected in Fraction 4--6 ([Figure 1B](#f1-dddt-8-993){ref-type="fig"}), indicating that antibody-conjugated micelles were indeed incorporated into the liposomes. To estimate the liposome-antibody coupling efficiency, the immunoliposome samples with and without gel filtration were compared using SDS-PAGE ([Figure 1C](#f1-dddt-8-993){ref-type="fig"}). Serial dilutions of the unfiltered immunoliposome sample with 2, 1, 0.5, and 0.25 μg of anti-CA IX antibody were used as calibration standards (Lane 2--5). The eluted immunoliposome fraction (Lane 6), with the absence of unincorporated antibody-conjugated micelles or free antibody, was analyzed at the same amount of DTX as the unfiltered immunoliposome sample containing 2 μg of antibody (Lane 2). The amount of antibody observed for the eluted immunoliposome sample (Lane 6) was comparable to the unfiltered 1 μg standard (Lane 3), suggesting that the liposome-antibody coupling efficiency was nearly 50%.

Characterization of CA IX-directed immunoliposomes
--------------------------------------------------

Before conjugation with the anti-CA IX antibody, the average particle size of DSPE-PEG-MAL micelles was 17.2±3.3 nm. The antibody-conjugated micelles were incorporated into DTX liposomes that were sized at 135.3±8.9 nm in average diameter. As shown in [Table 1](#t1-dddt-8-993){ref-type="table"}, after incorporation of the antibody-conjugated micelles, there was a small but significant increase in the particle size of the DTX liposomes, from 135.3±8.9 nm to 143.9±11.1 nm (*P*\<0.05), suggesting the presence of antibody molecules on the liposome surface. On the other hand, no significant difference in particle size was observed between unmodified liposomes (135.3±8.9 nm) and liposomes with incorporated micelles only (139.0±9.7 nm). The drug EE was determined to be 84.4±3.9%. Drug leakage resulting from the postinsertion of antibody-conjugated micelles was considered to be negligible because after Sepharose CL-4B gel filtration, the amount of DTX observed in the eluted immunoliposome fractions (Fraction 4--6, [Figure 1A](#f1-dddt-8-993){ref-type="fig"}) corresponded to the initial amount of DTX in the unfiltered immunoliposome sample that had been applied to the gel column (96.4%).

Cell binding of CA IX-directed immunoliposomes
----------------------------------------------

A fluorescence-based cell binding assay was performed to evaluate the targeting potential of the CA IX-directed immunoliposomes. Hypoxic conditions were used to induce the expression of CA IX in A549 cells ([Figure 2A](#f2-dddt-8-993){ref-type="fig"}). CA IX remained to be detectable even after 2.5 hours of reoxygenation, indicating that once expressed, the antigen protein was relatively stable ([Figure 2B](#f2-dddt-8-993){ref-type="fig"}). In the cell binding assay, CA IX-positive cells (after hypoxic treatment) and CA IX-negative cells (after normoxic treatment) were incubated with DiR-labeled liposomes with and without coupling of the anti-CA IX antibody at 4°C for 2 hours. After the removal of unbound liposomes, fluorescence intensities were measured using a flow cytometer. Cells treated with PBS only were used as controls to quantify the background signals. As shown in [Figure 2C](#f2-dddt-8-993){ref-type="fig"}, significantly higher fluorescence intensities were observed in cells treated with targeted or nontargeted liposomes when compared with the control group (*P*\<0.05), signifying the successful uptake of the DiR-labeled liposomes in A549 cells. In the absence of CA IX antigen, both targeted and nontargeted liposomes showed similar binding affinities to A549 cells (*P*=0.645). In contrast, when CA IX was induced, the targeted liposomes were found to exhibit [1](#f1-dddt-8-993){ref-type="fig"}.65-fold higher binding affinity than the nontargeted liposomes (*P*=0.01). These data indicated that antibody coupling to liposomal surface could enhance liposomal uptake in lung cancer cells by immunobinding to CA IX on the cell surface.

Cytotoxic activity of CAIX-directed immunoliposomes
---------------------------------------------------

The anticancer effect of CA IX-directed immunoliposomal DTX was compared with those of nontargeted liposomal DTX and free DTX in A549 cells with and without the expression of CA IX. No significant difference was observed among the three treatment groups at various concentrations in the CA IX-negative cells ([Figure 3A](#f3-dddt-8-993){ref-type="fig"}), indicating that the anticancer efficacy of liposome-mediated delivery was equivalent to that of free DTX solution when cells were under normoxic conditions. After CA IX was induced in response to hypoxia, nontargeted liposomal DTX appeared to be more cytotoxic than free DTX, and in comparison with nontargeted treatment, targeted liposomal DTX was found to exhibit an even stronger inhibitory effect on cell growth at different concentrations (0.03--30 μM) ([Figure 3B](#f3-dddt-8-993){ref-type="fig"}, *P*\<0.05). The inhibitory rates for targeted liposomal DTX were higher in a range of 12.1%--27.1% and 8.9%--12.2% than those for free DTX and nontargeted liposomal DTX, respectively. Blank liposomes were diluted to the same SPC concentrations as the DTX-encapsulated liposomes described above and tested on both normoxic and hypoxic A549 cells; no significant toxicities were observed under the same conditions (data not shown). These results suggested that CA IX-mediated liposomal uptake in lung cancer cells could increase drug internalization and thus contribute to a higher anticancer activity.

Discussion
==========

Targeted liposomal drug delivery has emerged as a promising method for cancer therapy in recent years.[@b27-dddt-8-993] One feasible approach for conferring targeting capability to liposomes is by conjugation of antibody molecules to form immunoliposomes. CA IX is a cell surface protein that is present in many types of solid tumors.[@b2-dddt-8-993]--[@b5-dddt-8-993] CA IX as a therapeutic antigen target for immunoliposomes has been explored previously for the treatment of renal cell carcinoma;[@b21-dddt-8-993] however, further investigation on CA IX as a feasible target for other types of cancer is lacking. The present study is the first to demonstrate that immunoliposomes directing against CA IX could enhance drug delivery to lung cancer cells.

In this study, CA IX-directed DTX-entrapped immunoliposomes were shown to have a higher cell binding affinity and a stronger antiproliferative effect than the nontargeted liposomes in CA IX-positive lung cancer cells, whereas parallel experiments with CA IX-negative lung cancer cells demonstrated no such differences between the two groups. Expression of CA IX in non-renal-cell carcinomas is known to be induced by hypoxia and is functionally implicated in pH regulation and cell adhesion supporting the adaptation of tumor cells to hypoxic stress.[@b1-dddt-8-993] Our data suggested that the targeting capability conferred by the anti-CA IX antibody on the liposomal surface would increase drug uptake in hypoxic tumor cells where CA IX is expressed.

Targeting of anticancer drugs to hypoxic tumor cells presents a challenge, given that these cells are spatially distant from blood vessels; however, use of immunoliposomes as a drug delivery system may overcome the problem of poorly perfused hypoxic tissue. Efficient penetration of liposomal drugs to hypoxic regions in the tumor can rely on passive targeting via the enhanced permeability and retention (EPR) effect of liposomes at the leaky vasculature.[@b28-dddt-8-993] To avoid clearance by the renal system and to facilitate efficient extravasation through the leaky vasculature, liposomes should theoretically be in the range of 10--400 nm in size.[@b29-dddt-8-993],[@b30-dddt-8-993] In this study, the average particle size of the CA IX-directed immunoliposomes was measured to be 143.9±11.1 nm, large enough to avoid elimination in the kidney and small enough to extravasate through capillary fenestrations into the tumor interstitium. In addition, the EPR effect could be enhanced with the presence of PEG on the surface of liposomes (through the use of DSPE-PEG-MAL in the formulation), which would reduce macrophage uptake and prolong bioavailability.[@b31-dddt-8-993] Subsequent to the EPR effect, active targeting via interaction with cell surface CA IX antigen would increase immunoliposomal drug localization within the hypoxic regions in the tumor.

Binding of immunoliposomes to tumor cells is followed by cytoplasmic drug accumulation, which exerts the cytotoxic activity. Endocytosis has been implicated as the mode of cell entry for liposomes.[@b32-dddt-8-993] Uptake of immunoliposomal drug via endocytosis is facilitated by antigen binding on the cell surface, resulting in higher intracellular drug accumulation and thus increased cytotoxicity in comparison to treatment with nontargeted liposomal drug. In addition, use of immunoliposomes for targeting hypoxic cells may help resolve the problem of multidrug resistance in cancer. The expression of the transporter protein P-glycoprotein (P-gp) has been shown to be correlated with hypoxia in vitro and in vivo, promoting multidrug resistance in cancer cells.[@b33-dddt-8-993]--[@b36-dddt-8-993] In multidrug resistant cells, formation of endosomes could direct liposomal drug away from the membrane-bound P-gp efflux pump and localize drug release near the perinuclear region, allowing efficient trafficking into the nucleus.[@b37-dddt-8-993] Free drugs, on the other hand, are internalized by diffusion across the cell membrane, making them spatially more susceptible to capture and efflux by P-gp.[@b38-dddt-8-993] As shown in the present study ([Figure 3](#f3-dddt-8-993){ref-type="fig"}), similar cytotoxicities were observed for free DTX and liposomal DTX (targeted or nontargeted) in normoxia-treated cancer cells; on the other hand, hypoxia-treated cancer cells appeared to be more resistant to free DTX in comparison to liposomal DTX. This observation could be attributed to the increased expression of P-gp under hypoxic conditions, causing relatively more efflux for free drug molecules.[@b36-dddt-8-993] With the ability to accumulate inside the cells more readily through immunobinding to cell surface CA IX, targeted liposomal DTX was found to exhibit even higher cytoxicities than nontargeted liposomal DTX at a wide range of concentrations in CA IX-expressed cancer cells. These data suggested that drug delivery to hypoxic cells via CA IX-directed immunoliposomes could be a promising strategy for reversal of multidrug resistance in cancer.

Future work would explore the potential use of CA IX-directed immunoliposomes for drug delivery in various tumor-bearing mouse models. As CA IX is found to be expressed in different types of solid tumors, the development of CA IX-directed immunoliposomes would have a wide scope of application in targeted cancer therapy. Particularly, lung cancer is known to be the leading cause of cancer-related deaths worldwide.[@b39-dddt-8-993] Finding an effective treatment for lung cancer has thus been an important goal in clinical medicine. Further investigation may be performed to evaluate the therapeutic efficacies of different anticancer agents using CA IX-directed immunoliposomes as a carrier system in an orthotopic lung cancer model.[@b40-dddt-8-993] Immunoliposomal drugs may be administered via the intratracheal route for direct delivery to lung tumors[@b41-dddt-8-993] and minimizing the potential interference by soluble CA IX present in the circulation.[@b26-dddt-8-993] Our preliminary in vivo study based on another anticancer drug formulated in CA IX-directed immunoliposomes has shown promising results for the treatment of lung cancer (data not shown). In addition, the amount of antibody molecules bound to the liposomal surface can be further optimized to enhance drug uptake by CA IX-expressed cancer cells. Previous reports have demonstrated that an increase in the liposomal antibody density by adjusting the molar ratio of linker lipid to antibody in the conjugation reaction and the molar percentage of linker lipid incorporated into liposomes could raise the binding efficiencies of immunoliposomes towards cancer cells in vitro.[@b42-dddt-8-993],[@b43-dddt-8-993] Therefore, in vivo studies along with comparison of formulations based on various liposomal antibody densities are anticipated to further determine whether CA IX-directed immunoliposomes can increase drug accumulation in the tumor, leading to a higher therapeutic response.

Conclusion
==========

This study is the first to demonstrate that CA IX-directed immunoliposomes can be a useful drug delivery tool for targeting lung cancer cells. Monoclonal antibodies specific to human CA IX antigen were successfully coupled to the surface of drug-loaded liposomes to form immunoliposomes. In vitro studies showed that antibody conjugation of liposomes could significantly increase their uptake by CA IX-positive cancer cells and enhance the antiproliferative effect of the encapsulated drug. These results have important implications for CA IX-mediated drug delivery as a potential strategy to improve the efficacy of current anticancer therapies. Furthermore, the present work can serve as a model for similar studies to be carried out on other types of CA IX-associated tumors, opening up new possibilities in the application of immunoliposomes for targeted cancer therapy.
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![Separation of CA IX-directed immunoliposomes from free antibody and unincorporated micelles by Sepharose CL-4B gel filtration.\
**Notes:** (**A**) DTX analysis of the eluted fractions using UPLC. Immunoliposomes encapsulating DTX were detected in Fraction 4--6. (**B**) SDS-PAGE analysis of anti-CA IX antibody in the eluted fractions. Fraction 4--6 indicated that the anti-CA IX antibody was successfully coupled to the surface of liposomes, whereas Fraction 7--11 represented the free antibody that had been removed from the immunoliposomes. (**C**) Determination of the liposome-antibody coupling efficiency by SDS-PAGE analysis. The eluted immunoliposome fraction (Lane 6) was compared to the calibration standards generated by serial dilution of the unfiltered immunoliposome sample containing 2 μg (Lane 2), 1 μg (Lane 3), 0.5 μg (Lane 4), and 0.25 μg (Lane 5) of antibody. An aliquot of antibody stock was used as a positive control (Lane 1). With the same amount of DTX as the 2 μg standard (Lane 2), the eluted immunoliposome fraction (Lane 6) was found to contain antibody comparable to the 1 μg standard (Lane 3), indicating that the coupling efficiency was nearly 50%.\
**Abbreviations:** Ab, antibody; CA IX, carbonic anhydrase IX; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; UPLC, ultra-performance liquid chromatography; DTX, docetaxel.](dddt-8-993Fig1){#f1-dddt-8-993}

![In vitro binding of CA IX-directed immunoliposomes (targeted liposomes) and nontargeted liposomes to human non-small-cell lung cancer cells A549.\
**Notes:** (**A**) Induction of CA IX in triplicate A549 cell cultures by incubation under hypoxic conditions for 20 hours. (**B**) Detection of CA IX in A549 cells after hypoxic treatment for 20 hours and subsequent reoxygenation for 2.5 hours. CA IX protein was detected by Western blot analysis, with GAPDH as the loading control. (**C**) Fluorescence-based flow cytometry analysis of the binding activities of the targeted and nontargeted liposomes in CA IX-positive and CA IX-negative A549 cells. Parallel incubations with DiR-labeled liposomes (targeted or nontargeted) and PBS (control) were carried out at 4°C for 2 hours. Each treatment was performed in triplicate cultures. The cells were then washed with PBS and collected for measurement of fluorescence intensities by flow cytometry. Data were expressed as mean ± SD. \**P*\<0.05 when compared with the control group and ^\#^*P*\<0.05 when compared with the nontargeted liposome group using one-way ANOVA with Student--Newman--Keuls test.\
**Abbreviations:** ANOVA, analysis of variance; CA IX, carbonic anhydrase IX; DiR, 1,1′-dioctadecyltetramethyl indotricarbocyanine iodide; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; PBS, phosphate buffered saline; SD, standard deviation.](dddt-8-993Fig2){#f2-dddt-8-993}

![In vitro cytotoxicities of CA IX-directed immunoliposomes (targeted liposomes) and nontargeted liposomes containing DTX in CA IX-negative A549 cells (**A**) and CA IX-positive A549 cells (**B**).\
**Notes:** CA IX expression was induced by incubation under hypoxic conditions for 20 hours. Parallel incubations with liposomal DTX (targeted or nontargeted) and free DTX solution were carried out at 4°C for 2 hours. Each treatment was performed in triplicate cultures. The cells were then washed with PBS and incubated with fresh medium at 37°C for an additional 46 hours. Cell viability was measured by the MTT assay and expressed as a percentage relative to the absorbance of the untreated control. Data were presented as mean ± SD. \**P*\<0.05 when compared with the nontargeted liposome group or free DTX group using one-way ANOVA with Student--Newman--Keuls test.\
**Abbreviations:** ANOVA, analysis of variance; CA IX, carbonic anhydrase IX; DTX, docetaxel; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; PBS, phosphate buffered saline; SD, standard deviation.](dddt-8-993Fig3){#f3-dddt-8-993}

###### 

Characteristics of DTX liposomes before and after antibody coupling

                                                                           Particle size (nm)                                Encapsulation efficiency (%)          
  ------------------------------------------------------------------------ ------------------------------------------------- ------------------------------ ------ -----
  DTX liposomes                                                            135.3                                             8.9                            84.4   3.9
  DTX liposomes with incorporated micelles (nontargeted liposomes)         139.0                                             9.7                            --     --
  DTX liposomes with incorporated antibody-micelles (targeted liposomes)   143.9[a](#tfn1-dddt-8-993){ref-type="table-fn"}   11.1                           --     --

**Notes:**

*P*\<0.05 when compared with the DTX liposome group using one-way repeated measures ANOVA with Student--Newman--Keuls test.

**Abbreviations:** ANOVA, analysis of variance; DTX, docetaxel; SD, standard deviation.
